Abstract-In order to reduce the horizontal deformation of large plant protection machine spray rod frame generated during the operation, in the paper, the dynamic model of large plant protection machine spray rod common rigid frame structure in space was established by utilizing the finite element method. And the modal coordinate transformation of it was carried out. Considered in the modal space, finally, the transformed model was translated into state space form. The control of spray rod rigid frame elastic deformation caused by disturbance is realized on the basis of linear quadratic optimal control method. And the simulation was carried out. The simulation results show the validity of the method proposed suppressing the horizontal elastic deformation of spray rod rigid frame. The results of the study provide a method in exploring the elastic deformation inhibition of the plant protection machine rigid frame structure.
INTRODUCTION
Plant protection is of great significance for agricultural production which requires stability and high efficiency. During the growth process, through plant protection, plant diseases and insect pests can be significantly reduced. There are many methods of plant protection, such as chemical control, physical control, biological control and comprehensive control and so on [1] . Chemical control has the advantages of high efficiency, timely control, quick response, good control effect and low cost which has become the main method of plant protection [2] . Plant protection machinery, as a device for applying chemicals to crops, is widely used in the plant protection process for agricultural production. Chemicals are usually dispensed by a plant protection sprayer. A sprayer is a motorized sprayer that attaches the sprayer-head to a horizontal boom or a vertical boom [3] . This kind of sprayer has the characteristics of high work efficiency and good spray quality, and it is the first choice of equipment for field crop chemical control. In order to increase the efficiency of spraying, the chemical can be sprayed to a larger area in a shorter time, the sprayer boom can reach a length of 24 meters, or even longer.
Large plant protection spray boom is usually rigid frame structure with large size, low frequency, small damping. When the plant protection machine is running, non-uniform soil may cause elastic deformation of the sprayer boom which has long-term vibration resulting in local over or under spraying and affecting the quality of the spraying [4] - [6] . As for spray bar sprayers with a wide range, even small vibrations can cause excessive spray [7] . Compared with a normal spray height, an amplitude of 30cm will result in more than three times the desired amount of spray [8] . Vibrations can cause damage to the crop as vibrations can cause the bottom of nozzles to contact with the soil. Therefore, the elastic deformation control of the spray rigid frame has attracted people's attention. In 1998, Kennes et al. analyzed the dynamic behavior of a sprayer with a passive suspension [9] . In 2003, Anthonis et al. designed an active control suspension to suppress the horizontal vibration of the sprayer and achieved some results [10] . Improving the suspension method of boom is an effective way to reduce boom vibration, but this method can not control elastic deformation of the boom itself. At present, to suppress the elastic deformation of the boom, Roman et al. designed a set of electro-hydraulic control system and applied it to a 4m long simulated boom achieving some effect [11] - [13] . In 2014, domestic academician He Yaojie et al. [14] suppressed the elastic deformation caused by installing the zipper on the spray bar. However, their research target was the small and medium-sized spray bar. At present, the active of the large spray bar deformation is not much.
In this paper, for the spray rigid frame of large-scale plant protection, finite element method is utilized to establish the dynamic model of the spray rigid frame, and the dynamic model is transformed into the modal space. The linear quadratic optimal control method is adopted to control the horizontal deformation of the spray rigid frame. The simulation was carried out to test the effectiveness of the method.
II. MODELING METHODS AND MODAL ANALYSIS

A. Plant Protection Machine Spray Rod Rigid Frame Geometric Description
The common rigid frame structure model of the large plant protection boom used in this paper is shown in Fig. 1 , the overall structure is symmetrical and the total length L is 24m. Considering the horizontal vibration, the rigid frame has 27 nodes in total and each node has six degrees of freedom including x-axis displacement, y-axis displacement, z-axis displacement, the angle generated by node rotating the x-axis, the angle generated by node rotating the y-axis, the angle generated by node rotating the z-axis. Node 7 and node 8 are fixed on the body of the plant protection, the total degree of freedom is 150 (27 × 6 -12). Among them, the distance between node 1 and node 2 and node 13 and node 14 is 1m, the distance from node 2 to node 13 is 22m, the distance between node 2, 27 and node 13, 15 is 0.5m, and the distance between node 7, 22 and node 8, 20 is 1.5m. 
B. Spatial Finite Element Method Modeling of Plant Protection Machine Spray Rod Rigid Frame
In this paper, finite element method is utilized to establish the model of the spray rigid frame. The elemental type adopts Euler-Bernoulli beam element. For the beam element in space, each node has six degrees of freedom in total, that is, tension and compression deformation, bending deformation and torsional deformation. Each unit node can be expressed as
= [ ]
where , and are the displacements of unit node i along the local coordinate direction, and and are the rotation angle of node i around three local axes. The strain and stress of a unit can be expressed as
where B is the elemental strain matrix and D is the elemental elastic matrix, they are only related to the material properties. The mass matrix and stiffness matrix of a unit can be deduced from the kinetic and potential energy expressions of the unit. The unit kinetic energy expression is
In equation (3) is an elemental matrix of shape function, is the mass matrix of the unit, and its calculation formula is
The expression of the unit potential is
in Eq. (5) is the element stiffness matrix, which is calculated as follows =
According to D'Alembert's principle, without considering the structural damping, the dynamic equation of elastic structure can be written as
In Eq. (7), P is the control force distribution matrix, the number of rows is the number of degree of freedom of rigid frame, and the number of columns is the number of control force.
is the input force vector, which is a column vector whose number of rows is the number of input force. and are the overall mass matrix and the overall stiffness matrix of rigid frame, which are obtained by assembling element mass matrix and element stiffness . For complex structures, the direction of each beam element will be different. Thus, it is necessary to establish a coordinate transformation matrix by which the local coordinate system can be unified to the overall coordinate system. The converted elemental mass matrix and elemental stiffness matrix are
The stiffness matrix and the mass matrix of the space beam element are expressed as follows 
where x-y-z is the unit coordinate system, --is the overall coordinate system.
C. Modal Analysis of Horizontal Free Vibration of Spraying Frame of Plant Protection Machine
When plant protection machine is working, horizontal vibration of spray rigid frame are caused due to surface irregularities, plant protection machine turning incentives and speed variation. The vibration is often low frequency [15] . The free vibration mode of the common spray rigid frame structure studied in this paper is between 0-3Hz and the parameters of spray rigid frame are set in accordance with Table I . The modal of spray rigid frame is analyzed by ANSYS and there are 4 modes between 0-3Hz in total which are shown in Fig. 2 ~ 5 . 
III. SPRAYING FRAME OF PLANT PROTECTION MACHINE HORIZONTAL VIBRATION CONTROL
Because the frame vibration is in the low frequency range, vibrations in time domain can be approximated by the first few modalities in modal space. In this way, the vibration control in time domain can be translated into a concentrated mode vibration control in modal space. The dynamic equations established by finite element method are mode-transformed
where θ is the undamped modal matrix of the system obtained from the eigenvector by mass normalization and n is the generalized modal coordinate vector of the rigid frame. According to the modal coordinate transformation, equation (7) can be changed to the following generalized modal kinetic equation * + * = * ( )
Among them * = * = * = ( ) If the first m-order modal are chosen to approximate the original system vibration, then m<n, the dynamic model under the generalized modal coordinates can be describe * + * = * ( )
Because the stiffness matrix and mass matrix of the rigid frame structure are time-invariant, the structure vibration control system belongs to the linear steady-state vibration control system. According to the optimal control theory, the linear quadratic control is adopted, and the formula (12) LQR algorithm is adopted to calculate the optimal state feedback control u * t , the control target cost function is
Q, R is a positive definite symmetric weight matrix, Q is the process cost, R is the control cost, the optimal control rate is
The optimal time-varying feedback gain matrix K (t) is
P (t) is a symmetric matrix that satisfies the following Riccati equation
The closed-loop equation of the final system is
IV. HORIZONTAL VIBRATION CONTROL SIMULATION All the degrees of freedom of spray rigid frame node 7 and node 8 are constrained in Fig. 1 , the parameters of frame structure are shown in Table I . The first 4-order modal are selected for control.
The optimal control weight matrix Q = 100I, R = 0.1I (I is the unit matrix). Node 6 and node 9 are selected which are nearest to the suspension and horizontal control force is imposed on each node. A transient disturbance of 0.25 m which is along the positive z-axis direction is imposed on node 1 and node 14 of the spray rigid frame. In order to understand the horizontal deformation vibration of the whole spray bar frame, it can be realized by observing the horizontal direction deformation of node 1 and node 14. International Journal of Materials, Mechanics and Manufacturing, Vol. 6, No. 6, December 2018 The horizontal elastic deformation of node 1 and 14 and the elastic deformation after control can be seen in Fig. 6 and Fig. 7 . It can be seen that the elastic deformation of rigid frame structure can be quickly attenuated by control. Fig. 8 and Fig. 9 are the control point output. 
V. CONCLUSION
In this paper, finite element modeling of the common spray bar frame structure of large-scale plant protection machine was carried out and control problem of elastic deformation in rigid frame structure was studied. The beam rigid frame is considered as a combination of beam elements, which is modeled by finite element method and the model acquired is transformed into the modal space. According to the ANSYS analysis of its vibration modes between 0-3Hz, the first 4 modes are selected to suppress horizontal elastic deformation control of the boom, and the simulation shows that the control method proposed is effective.
